Appln. No.: 10/521,516 

Amendment dated: August 27, 2007 

Reply to the Office Action of February 27, 2007 

REMARKS 

The present amendment is submitted in response to the Non-Final Office Action 
mailed June 19, 2007. Claims 49-88 are currently pending in the application. No new 
matter or issues are believed to be introduced by this amendment. In view of the remarks 
to follow, reconsideration and allowance of this application are respectfully requested. 

Information Disclosure Statement 
A copy of cited reference W0 00/62026 is enclosed, together with a copy of Form 
PTO-1449 to make the same of record. 

Objection to the Specification 

In the Office Action, the abstract of the disclosure was objected to because it is 
not limited to a single paragraph on a separate sheet within the range of 50 to 150 words. 
By means of the present a new Abstract is provided in a manner which is believed to 
overcome the objection. Withdrawal of the objection is respectfully requested. 

In the Office Action, the Specification was objected to for a non-descriptive title. 
The title has been replaced with a new title as per the Examiner's recommendation. It is 
believed the new title is clearly indicative of the invention to which the claims are 
directed. Withdrawal of the objection is respectfully requested. 
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Appln.No.: 10/521,516 

Amendment dated: August 27, 2007 

Reply to the Office Action of February 27, 2007 

In the Office Action, the Examiner required a substitute specification pursuant to 
CFR 1.125(a). Applicant is concurrently filing a responsive substitute specification in 
accordance with 37 CFR §1.125. No new matter is introduced into the Substitute 
Specification. 

Claim Rejections - 35 USC 101 
In the Office Action, Claims 40-48 were rejected under 35 U.S.C. §101 as being 
directed to non-statutory subject matter. Claims 40-48 have been rewritten as new claims 
49-88 which is believed to overcome the rejection. Accordingly, withdrawal of the 
rejection is respectfully requested. 

Claim Rejections - 35 USC 112, first and second paragraphs 
Claims 1-48 were rejected under 35 U.S.C. §112, first paragraph as failing to 
comply with enablement requirements and under 35 U.S.C. §112, second paragraph as 
being indefinite for failing to particularly point out and distinctly claim the subject matter 
which applicant regards as his invention. Claims 1-48 have been re- written as new claims 
49-88 which is believed to overcome the rejections. 
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Appln. No.: 10/521,516 

Amendment dated: August 27, 2007 

Reply to the Office Action of February 27, 2007 

A petition for an automatic three month extension of time for response under 37 
C.F.R. §1.1 36(a) is enclosed in triplicate, together with the requisite petition fee. 
Early favorable action is earnestly solicited. 



Respectfully submitted, 




Reg. No. 28,375 
Attorney for Applicant(s) 



DIL WORTH & BARRESE, LLP 

333 Earle Ovington Blvd. 



Uniondale, New York 1 1553 



Phone: 516-228-8484 
Facsimile: 516-228-8516 
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An apparatus and a method for optical spectroscopy and for optical sen s ory technology and 

use of the apparatus 

Background of the Invention 
APPARATUS AND METHOD FOR USE IN OPTICAL SPECTROSCOPY 

BACKGROUND OF THE INVENTION 



Field of the Invention 

[0001] The invention relates to apparatus and methods fe rrelated to optical 
spectroscopy and to optical sensors. 

Description of the Related Art 

Optical spectrometers can be generally divided into dispersive or diffractive spectrometers 
and Fourier transform spectrometers. 
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spectrometers. Dispersive (prism) spectrometers or diffractive (grating) spectrometers break 

down the incident light beam into its spectral components by the wavelength dependence of 

an angle of deflection or of an angle of reflection. The different spectral components are 

thereby spatially separated and the spectral component to be determined can be selected 

(monochromator). The detection of a spectrum then takes place with the help of moving parts 

in that the different spectral components are selected and measured in succession. 
[0002] succession. 

Monchromators are most common with a Czerny-Turner beam path, i.e. with a rotatable 

planar grating (diffraction grating in reflection) between an entry slit and an exit slit and 

collimator mirrors or collector mirrors independent of one another. The collimator and 

collector effect an imaging of the entry slit in the plane of the exit slit. The diffraction grating 

is located in the Fourier transform plane of this imaging system. 
[0003] system. 

The development of spatially resolving detectors (CCD, diode array) now permits the 

simultaneous measurement of all spectral components in that a separate element of the 

detector is provided for each spectral component. Such an arrangement (polychromator) 

manages without any moving parts and utilizes the available incident light substantially more 

efficiently. 

[0004] efficiently. 

Fourier transform spectrometers are based on an interferometer in which the difference of the 

optical path lengths of the partial beams brought to interference can be set with high 

precision. The spectrum can be determined by Fourier transformation from a measurement of 

the interference signal via a suitable range of path length differences. 
[0005] differences. - 

Instruments are normally set up in the manner of a Michelson interferometer or of a 
Twyman-Green interferometer. The mechanical components for the setting of the optical path 
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lengths by moveable mirrors or tiltable mirror pairs and the required collimator for the 

generation of planar wavefronts are above all technically demanding hefer 
[0006] here. 

A further variant of spectrometers uses static interference patterns generated by light beams 

which are brought to interference at a specific angle, e.g. Fizeau interferometers. The 

spectrum can be calculated by counting the interference stripes or via a determination of the 

spatial frequencies of the interference pattern with the help of a numerical Fourier 

transformation. 

[0007] transformation. 

The fact is disadvantageous for these interferometric spectrometers (both for Michelson / 

Twyman Michelson/Twyman Green interferometers with variable wavelengths and for static 

interferometers with spatial interference patterns) that the relative spectral resolution is 

determined directly by the number of the line pairs (Fizeau stripes) measured in the 

interference patterns. If N line pairs are counted for a specific wavelength -B r. lambda., the 

spectral resolution lies in the order of magnitude of GMr 
[0008] .lambda./N. 

A more recent variant of Fourier transform spectrometers ("spatial heterodyne 

spectrometers") uses dispersive or diffractive optical elements (diffraction gratings) in order 

to change the angle between two collimated partial beams of a static interferometer as a 

function of the wavelength and so to increase the spectral resolution. 
[0009] resolution. 

The superposition of planar wavefronts is necessarily required here to obtain Fizeau 

interferograms (Fizeau stripes) which can be broken down into their spectral components by 

a numerical Fourier transformation after the measurement. 
[00010] measurement. 
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[0001 1] Such arrangements are furthermore based on the translation invariance of 
the optical Fourier transformation. The incident light is first collimated by a 
collimator. The collimated beam (planar wavefronts) is divided (amplitude division) 
and guided over spectrally dispersive or diffractive elements, e.g. over a diffraction 
grating. The spectrally dispersive optical element lies in the Fourier plane of the 
collimator in this process. The partial beams, which are superposed again, are then 
imaged through a collector and a further Fourier transform lens such that a spatially 
resolving detector again comes to rest in a Fourier transform plane of the entry 
aperture. 

Such arrangements — Iti rearrangements-like Fourier transform spectrometers or conventional 

monochromators — a ^monochromators-are therefore dependent on imaging optical systems 

of high quality. Relatively large focal lengths of the optical systems are in particular required. 
[00012] required. 

The possible performance capability of dispersive or diffractive spectrometers depends on 
specific parameters, in particular on the dimensions of the entry slit or the exit slit, on the 
focal length and aperture of the imaging elements and on the properties of the dispersive or 
diffractive element itself. Modem Modern instruments almost reach these physically set 
limits. 

[00013] limits. 

The possible performance capability of Fourier transform spectrometers is correspondingly 

determined by specific parameters, and here in particular by the range and the increment for 

the variation of the optical path lengths. The performance capability of Fourier transform 

spectrometers greatly surpasses the possibility of dispersive or diffractive s pectrometers. 
[00014] spectrometers. 

Fourier transform spectrometers can also almost reach the physical limits of their 
performance capability, but the technical effort is very high in many cases. Since Fourier 
transform spectrometers are based on an interferometer, all optical components, and in 



particular also the moving parts, must be produced and positioned with a precision of 

fractions of the wavelengths to be measured. 
[00015] measured. 

Spatially heterodyne spectrometers are technically less complex, but likewise need both 

imaging optical components of high quality and dispersive or diffractive optical components 

of high quality. 

[00016] quality. 

[00017] The spectral resolution 4& d. lambda, at a wavelength a. lambda, of all 
named spectrometers is directly related to a corresponding coherence length J-^= 

e 2 /d& rl=.lambda..sup.2/d.lambda. 

To achieve a specific spectral resolution, the spectrometric arrangement must generate 

defined differences of the optical path lengths of at least the range h 
[00018] L 

The necessity of a collimation of the incident light is thus common to all named 

spectrometers. The collimator is an imaging optical element of a specific focal length f, e.g. a 

concave mirror or a lens. The entry aperture of the spectrometer is located at the focal point 

of the collimator. 

[00019] collimator. 

The spectrometers now explicitly utilize the special properties of the optical Fourier 

transformation, in particular the translation invariance of the Fourier transformation, i.e. the 

transformation of a translation in the focal plane to a change of the direction of propagation in 

the Fourier plane of the collimator. 
[00020] collimator. 

Monochromators ("4f system": entry slit £ — collimator £ — diffraction grating £— 

collector £ s^i-t system" with focal length f: entry slit— f-collimator-f-diffraction 

grating-f— collector- f--exit slit) influence the propagation direction of the light in the Fourier 



^Mi- 
plane of the imaging system by means of a diffraction grating and thus generate the desired 
spectral dispersion without essentially disturbing the imaging of the entry slit onto the exit slit 
or detector (with fl being defined by the geometry of the grating in the beam path, 
f»I). f»l). The collimator carries out an optical Fourier transformation, the collector takes 
over the optical retransformation and thus effects the optical imaging of the entry slit into the 

plane of the exit slit or of the detector. 
[00021] detector. 

Fourier transform spectrometers (2f system) necessarily require the collimator (as a rule with 

f substantially larger than J}1} to maintain the interference despite optical paths of different 

lengths, i.e. to superpose the wavefronts suitably at the detector. The translation invariance of 

the Fourier transformation is in particular utilized hefSr 
[00022] here. 

With a Fourier transform spectrometer, the numerical Fourier transformation replaces the 

optical retransformation used with the monochromator. 
[00023] monochromator. 

Fourier transform spectrometers with dispersive elements, which evaluate a spatial 

interference pattern (spatially heterodyne spectrometers) explicitly require the collimator in 

the context of an optical Fourier transformation, on the one hand to avoid a blurring of the 

interference patterns despite a finitely large entry opening (translation invariance), on the 

other hand to establish the defined and unambiguous relationship between the optical 

spectrum and corresponding spatial frequencies in the resulting pattern which forms the basis 

for the numerical retransformation. 
[00024] retransformation. 

These spectrometers moreover require an additional optical imaging system ("6f system": 

entry sfe f collimator — £ mterferometer slit— f— collimator—f- interferometer with 

diffraction grating — £ — collector — £ — exit diaphragm — £ — imaging element — £ — detector 
plane). 
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[00025] grating-f-collector-f-exit d i ap hr agm - - f ~ imagi n g element~f-detector 
plane). 

[00026] Since both interferometric arrangements and systems imaging at high 
resolution have to be realized through high-quality optical systems, with large focal 
lengths as required, and since a minimum size of the components or of the path 
lengths is fixedly pre-determined by the aforesaid value I — ml-in dependence on the 
respective exact arrangement, the technical effort increases quickly as the demands on 
the spectral resolution grow. A characterizing parameter here is the so-called spectral 
aperture broadening which occurs despite collimation. 

SUM MARY OF THE INVENTI ON 

It is the object of the present invention to provide an apparatus and a method for the 
realization of spectrometers with high spectral resolution with simultaneously substantially 
lower demands on the quality of the optical components. 

The object is solved in accordance with the invention by an interferometric apparatus 
described herein . 

The coupling of the incoming light via defined s patial modes or via a mono mode coupling i s 
important for the realization of a cost effective and spectrally highly resolving spectrometer 
or sensor in accordance with the invention. The aperture broadening disappears under these 
circumstances; the interference pattern in particular also remains recognizable without an 
optical Fourier transformation through a collimator and can be evaluated with the help of the 
methods shown. 

In combination with dispersive or diffractive optical elements for the wavelength dependent 
influencing of the wavefronts, such an optical spectrometer permits very much more compact 
and more flexible designs than previous approaches using imaging optical elements. 
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The illustrated measuring process or the illustrated method for the orthogonalization of the 
measured interference patterns is a requirement for the function of such designs since they 
cannot be evaluated directly with the help of a numerical Fourier transformation. 

Preferable embodiments of the invention re s ult from the — following description . Uses in 
accordance with the invention result from and a method in accordance with the invention and 
preferred method variants also result from the description herein. 

The invention comprises an apparatus which combines dispersive or diffractive optical 
elements with an interferometer with the coupling of individual spatial modes and with a 
detector which can measure the intensity of the resulting interference pattern at a plurality of 
spatial positions and a method which permits the spectrum of the incident light or direct 
measured values, which can be derived from such a spectrum, to be reconstructed from an 
interference pattern measured in this mariner. 

The apparatus in accordance with the invention is configured such that the interference 
patterns of respectively different spectral components of the spectral range to be examined 
differ strongly from one another. Such an interference pattern associated with a specific 
spectral component is termed a base pattern in the following. The patterns can be considered 
in one dimension or in two dimensions. An interference pattern generated by such an 
apparatus in accordance with the invention is considered as a superposition of a multitude of 
respectively different base patterns. 
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SUMMARY OF THE INVENTION 

[000271 Therefore, the present invention has been made in view of the above 
problems. Accordingly, the present invention provides an inter ferometric apparatus 
and a method of use. The interferometric apparatus having high spectral resolution 
using low quality optical components. 

["000281 The coupling of the incoming light limited to a few defined spatial modes 
or a single spatial mode via a mono-mode coupling is important for the realization of 
a cost-effective and spectrally highly resolving spectrometer or sensor in accordance 
with the invention. The aperture broadening disappears under these circumstances; the 
interference pattern in particular also remains recognizable without an optical Fourier 
transformation through a collimator and can be evaluated with the help of the methods 
shown. 

[000291 In combination with dispersive or diffractive optical elements for the 
wavelength-dependent influencing of the wavefronts, such an optical spectrometer 
permits very much more compact and more flexible designs than previous approaches 
using imaging optical elements. 

[000301 The illustrated measuring process or the illustrated method for the 
orthogonalization of the measured interference patterns is a requirement for the 
function of such designs since they cannot be evaluated directly with the help of a 
numerical Fourier transformation. 



r0003 11 According to one aspect, the invention comprises an apparatus which 
combines dispersive or diffractive optical elements with an interferometer and with 
the coupling in of a single spatial mode of light whose spectral properties shall be 
determined,. The apparatus further comprises a detector which can measure the 
intensity of the resulting interference pattern at a plurality of spatial positions in 
combination with means to analyze the measured intensities in order to derive spectral 
properties of the light copied in. 

r000321 According to another aspect, a method is provided which permits the 
spectrum of the incident light, or direct measured values, which can be derived from 
such a spectrum, to be reconstructed from an interference pattern measured as a series 
of measured values. In accordance with the method, an interference pattern is 
interpreted as a series of measured values. The series of measured values may be 
considered as a vector in the context of linear algebra. More particularly, the vector 
may be considered as an element of a discrete space of the corresponding dimension. 

[00033] A key feature of the invention i s that the interference patterns of 
respecti vely different spectral components of a spectral range to be examined differ 
strongly from one another. An interference pattern associated with a specific spectral 
component in the spectral range is defined herein as a base pattern . Base patterns may 
be determined either by calculation or by measurement. The base patterns can be 
considered in one dimension or in two dimensions. Base patterns are initially 
interpreted as linearly independent base vectors of said discrete space in the context of 
linear algebra. An interference pattern generated by the apparatus of the invention is 
considered as a superposition of a plurality of different base patterns, where each base 
pattern is defined as an particular interference pattern associated with a spectral 
component in the spectral range of an input light source. 



[00034] The recording of the interference pattern takes place by the detector by the 
measurement of the intensities at a large number of discrete spatial positions. An 
interference pattern is therefore in each case present in the form of a fixed number of 
(measured) values. Precision and illustratable The precision and available spatial 
frequencies follow according to the sampling theorem. 

In the method in accordance with the invention, an interference pattern is interpreted as a 
series of (measured) values and so in the context of linear algebra as a vector or in particular 
as an element of a discrete space of the corresponding dimension. The base patterns 
introduced above are initially interpreted as linearly independent base vectors of this discrete 
space in the context of linear algebra. 

The method in accordance with the invention is based on the possibility of determining the 

respectively required base patterns either by calculation or by measurement for an apparatus 

in accordance with the invention. In the method in accordance with the invention, the 

spectrum of the incident light can then be gained by breaking down the interference pattern 

into these base patterns. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The particular advantages of the apparatus and method for the realization invention include a 

high-resolution and of high - resolution or very compact optical spectrometers result from 

tlre spectrometer apparatus, optical mono mode coupling whichpermits the property of the 

translation invariance of the optical transformation and thus a collimator to be dispen s ed 

with. The apparatus can therefore berealized fully without the use of imaging optical 

elements. This becomes possible in combination with the described methods which utilize the 

fact that a numerical retransformation of the interference signal for the sought spectrum 

mea s ured at the detector can be found at least approximately for almost any sufficiently 

complicated optical transformations. 

The method can be realized in different variants; we will introduce the following definitions 
for the discussion: 
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Let s be a spectrum, represented by discrete spectral components of a specific intensity, i.e. as 
a vector with the components s ft n: 1 ..N. 

s compri s es a specific spectral range of the optical spectrum; the individual components are 
spectrally close with relation to the considered spectral resolution. 

Let i be the interference pattern measured at the detector, i is thus a vector which e.g. 
represents the individual elements of an array detector represented by the components i m 
M.i..M. 

Let o be the spectrum reconstructed as the measurement result by the method or a vector 
which directly represents the measured values derived from a spectrum, represented in 
accordance with s by components o^ k: 1 ..K. 
In case o represents a spectrum as a rule with K~N. 

The optical transformation T can be represented as a matrix by T s = i. The evaluation is first 
represented as a retransformation R by R i = o. 

Under very favorable circumstances (good signal/noise ratio, fixed phase position, "spectrally 
closely" distributed base patterns), a direct (approximate) calculation of R could take place as 
the inverse of T. o is then (approximately) equal to s . 

The components (vectors) of the matrix T can be determined with reference to the 
relationship Te ft -=M ft , where the e» arc the unit vectors of the spectral components. The 
possibility is now particularly interesting of actually generating the spectral components e B? 
for instance, with the help of a monochromatic reference light source and to determine the t tt 
af*d — thus the — matrix — T by — experiment (i.e. — ref eren c e m eas ur em en t — &¥ — calibration 
measurement). 
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As a rule, a determination of R by inversion of the (measured) matrix T is not possible, but 
the retransformation can take place approximately with known by a correlation. Different 
correlation methods are possible; a common method is "cross - correlation" based on the scalar 
product of the discrete Fourier transformation of the respective sequences or vectors to be 
compared. Using the discrete Fourier transformation, F, o and thus approximately s can be 
calculated as o„ = | FfflF ^fc 

In case the optical transformation is an exact Fourier transformation, only one component of 
the expression F 4 ^ ) will be not equal to 0, namely the one which repre s ents the respectively 
corre s ponding spatial frequency and thus directly represents a spectral component of the 
speotrum. The base vectors t ft arc here not only linearly independent, but also orthogonal and 
moreover form the unit vectors of the spatial frequencies. The calculation of o i s therefore 
reduced for precisely this special case to the Fourier transformation of i, 

However, the following two possibilities are deserving of particular interest: 

The properties of the optical transformation can be similar to those of a Fourier 
transformation or the optical transformation can be completely irregular, i.e. form so called 
"speckle patterns" ("granulation"). 

The first case can be represented by a severely erroneous optical Fourier tran s formation, for 
instance produced by an optical arrangement in accordance with the invention without a 
collimator and with very cost - effective optical elements. The base patterns are thus s till 
linearly independent due to the systematic generation, but only approximately orthogonal 

The second case can be represented by an optical arrangement in accordance with the 
invention with an interferometer based on a scratched piece of broken glass (extremely cost - 
effective). The base vectors can here be assumed to be statistically distributed. 
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For the first case, the method represents a correction, i.e. the poor quality of the optical 
transformation can be compensated to a very large extent by an adapted retransformation. 

In the second case, the spectrum is determined by a purely statistical correlation of the 
measured values with the base vectors. In this case, a high number of elements of the detector 
should be assumed. It is in particular favorable to select M to be very much larger than N, for 
instance by using a two - dimensional detector array. The base patterns are not linearly 
independent due to their statistical nature. The correlation for large values of N neverthele s s 
shows good result s . Very good results are achieved for very large values of M, since in this 
case, i.e. of the statistical distribution of N base vectors in anM dimensional space, the base 
vectors are at least approximately linearly independent. 

In this context, different correlation functions for the method can also be considered, in 
particular stochastic correlations. 

A advanced calculation or refining of the results by deconvolution is particularly 
advantageous, provided that the selected method can be applied to a set of different transfer 
functions. 

In a use of the arrangement in accordance with the invention as a sensor, it can be 
advantageous not to look for the spectrum as the result of the calculations, but rather directly 
for the sought measurand. 

For a chemosensor, the base vectors are then not determined by measurement of spectral 
components, but by recording spectra of the sought substances. A base vector, and thu s a 
component of the result vector, thus does not represent an individual spectral component, but 
rather directly the sought measured value, i.e. e.g. the concentration of a specific substance 
corresponding to an optical absorption spectrum. 



The same applies accordingly, for instance, to the measurement of layer thicknesses using the 
characteristic spectral modulation of light transmitted or reflected by thin films. 

This adaptive procedure permits the realization of optical sensors for a plurality of 
applications. The evaluation of the measurements by correlation with previously recorded 
base patterns permits the direct determination of the sought values without the detour via an 
analysis of the optical spectrum. 

Provided that the interference patterns, i.e. the base patterns for the spectral components in 
question, are linearly independent within the framework of the resolution and preci s ion of the 
measurement, the respective spectral components of the incident light, and thus the spectrum, 
can be determined by correlation of the respective base patterns with the recorded 
interference patterns. 

Provided that the properties of all components of the apparatus are determined with sufficient 
precision, the required set of base patterns can be calculated. 

The possibility is particularly interesting of measuring a set of base patterns for the respective 
specific design of the apparatus with the help of a suitable adjustable monochromatic 
reference light source. Since the base patterns in this case already include all types of optical 
aberration occurring in the respective apparatus, the demands on the optical quality of the 
components of the apparatus are relatively low, provided that the base patterns remain 
approximately linearly independent. 

With Fourier transform spectrometers, the recorded "perfect" interference patterns are 
linearly independent (superposition of sinusoidal components) and the Fourier transformation 
repre s ents an orthogonal izati on method. The individual Fourier coefficients represent the 
spectral components of the measured spectrum. 



A direct Fourier transformation of the patterns recorded with an arrangement in accordance 
with the invention is meaningless, but an orthogonal izati on with respect tospectral 
components is possible after a suitable transformation of the recorded interference patterns, 
For this purpose, the relative path length difference of the partial beams brought to 
interference must be determined for each measuring point, 

[000351 In accordance with a preferred aspect of the invention, the interference 
pattern can be generated bydividing the amplitude of the incident The features of 
high-resolution and compactness result from an optical mono-mode coupling which 
guarantees unlimited spatial coherence without any need to employ optical 
arrangements involving e.g. the translation invariance of the Fourier transform. This 
fact also precludes the need for a collimator . The apparatus can therefore be 
advantageously realized fully without the use of imaging optical elements. Moreover, 
the described methods utilize the fact that a numerical retransformation of the 
interference signal for the sought spectrum measured at the detector i.e. an 
mathematical one-to-one relation from optical spectra of incoming light to the 
resulting measured interference pattern can be found, at least approximately, for 
almost any sufficiently complex optical transformations. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

["000361 These and other objects, features and advantages of the invention will be 
apparent from a consideration of the following Detailed Description Of The Invention 
considered in conjunction with the drawing Figures, in which: 

[00037] Figure 1 illustrates an apparatus of the invention, according to one 
embodiment; 

[000381 Figure 2 illustrates an apparatus of the invention, according to one 
embodiment; 

[000391 Figure 3 illustrates an apparatus of the invention, according to one 
embodiment; 

1000401 Figure 4 illustrates an apparatus of the invention, according to one 
embodiment; 

[00041] Figure 5 illustrates an apparatus of the invention, according to one 
embodiment; 

[00042] Figure 6 illustrates details of an apparatus of the invention, according to 
one embodiment; 

100043] Figure 7 i llustrates an apparatus of the invention, according to one 
embodiment; 



[ 000441 Figure 8 illustrates an apparatus of the invention, according to one 
embodiment. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
r000451 I. Introduction 

r000461 In the following discussion, numerous specific details are set forth to 
provide a thorough understanding of the present invention. However, those skilled in 
the art will appreciate that the present invention may be practiced without such 
specific details. In other instances, well-known elements have been illustrated in 
schematic or block diagram form in order not to obscure the present invention in 
unnecessary detail. Additionally details concerning network communications, electric 
signaling techniques, and the like, have been omitted inasmuch as such details are not 
considered necessary to obtain a complete understanding of the present invention and 
are considered to be within the understanding of persons of ordinary skill in the 
relevant art. 

[000471 II. DEFINITIONS 

r00048] The method can be realized in different variants; we will introduce the 
following definitions for the discussion: 

r000491 S : is a spectrum, represented by discrete spectral components of a specific 
intensity, i.e. as a vector with the components s.sub.nn:! . .. N. s comprises a specific 
spectral range of the optical spectrum; the individual components are spectrally close 
with relation to the considered spectral resolution. 

[000501 i: is an interference pattern measured at the detector, i is thus a vector 
which e.g. represents the individual elements of an array detector represented by the 
components i.sub.m M:l ... M. 
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["OOPS 11 O : is the spectrum reconstructed as the measurement result by the method 
or a vector which directly represents the measured values derived from a spectrum, 
represented in accordance with s by components o.sub.k:! . . . K. In case o represents 
a spectrum as a rule with K=N. 

[000521 T : is an optical transformation which can be represented as a matrix by T 
s=i. The evaluation is first represented as a retransformation R by Ri=o. 

r000531 Under very favorable circumstances (good signal/noise ratio, fixed phase 
position, "spectrally closely" distributed base patterns), a direct (approximate) 
calculation of R could take place as the inverse of T. o is then (approximately) equal 
to s. . 

[000541 The components (vectors) of the matrix T can be determined with 
reference to the relationship Te.sub.nM.sub.n, where the e.sub.n are the unit vectors of 
the spectral components. The possibility is now particularly interesting of actually 
generating the spectral components e.sub.n, for instance, with the help of a 
monochromatic reference light source and to determine the t.sub.n and thus the matrix 
T by experiment (i.e. reference measurement or calibration measurement). 

[000551 As a rule, a determination of R by inversion of the (measured) matrix T is 
not possible, but the ^transformation can take place approximately with known 
t.sub.n by a correlation. Different correlation methods are possible; a common method 
is "cross-correlation" based on the scalar product of the discrete Fourier 
transformation of the respective sequences or vectors to be compared. Using the 
discrete Fourier transformation, F, o and thus approximately s can be calculated as 
o.sub.n=. vertline.F(i)F.sup.-l (t.sub.n). vertline. 
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[000561 In case the optical trans formation is an exact Fourier transformation, only 
one component ofth g re pression F.sup- 1 (t snh . n) wil l be not equal to 0, namely the 
one which represents the respectively corregB^ig spatial frequency and thus 
directly represents » s pectral compone nt of t he spe ctrum. The base vectors t.sub.n are 
here not only linearly independent bu t also orthogonal and moreover form the unit 
vectors of the spat ial fre quencies. Th e calculation of o is therefore reduced for 
precisely this special caw to the Fourier transformation of i. 

[00057] However the following two possibilities are deserving of particular 
interest: 

[000581 The properties of the o ptical transform ation can be similar to those of a 
Fonrier transform^ ion or the optical transformation can be completely irregular, i.e. 
form so-called "speckle pa tterns" ("granulation"). 

[000591 The first case can be re presented by a severely erroneous optical Fourier 
transformation, for instance produce d hv a n ontical arrangement in accordance with 
the invention without * collimator and w ith v ery co st-effective optical elements. The 
base patterns are thus still linearly in de pendent due to the systematic generation, but 
only approximately orthogonal. 

[000601 The second case can he represented by an optic al arrangement in 
accordance with the invention with a » interferometer based on a scratched piece of 
broken glass (extremely cost-effectiv e .) Th e base vectors can here he assumed to be 
statistically distributed. 

[000611 For the first case, the method represe n t s a corr ect ion, i.e. the poor quality 
of the optical transformation can be compensated to a very, large extent by an adapted 
^transformation. 
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r000621 In the second case, the spectrum is determined by a purely statistical 
correlation of the measured values with the base vectors. In this case, a high number 
of elements of the detector should be assumed. It is in particular favorable to select M 
to be very much larger than N, for instance by using a two-dimensional detector array. 
The base patterns are not linearly independent due to their statistical nature. The 
con-elation for large values of N nevertheless shows good results. Very good results 
are achieved for very large values of M, since in this case, i.e. of the statistical 
distribution of N base vectors in an M-dimensional space, the base vectors are at least 
approximately linearly independent. 

rQ00631 In this context, different correlation functions for the method can also be 
considered, in particular stochastic correlations. 

[000641 A advanced calculation or refining of the results by deconvolution is 
particularly advantageous, provided that the selected method can be applied to a set of 
different transfer functions. 

[000651 In a use of the arrangement in accordance with the invention as a sensor, it 
can be advantageous not to look for the spectrum as the result of the calculations, but 
rather directly for the sought measurand. 

[000661 For a chemosensor, the base vectors are then not determined by 
measurement of spectral components, but by recording spectra of the sought 
substances. A base vector, and thus a component of the result vector, thus does not 
represent an individual spectral component, but rather directly the sought measured 
value, i.e. e.g. the concentration of a specific substance corresponding to an optical 
absorption spectrum. 

[000671 The same applies accordingly, for instance, to the measurement of layer 
thicknesses using the characteristic spectral modulation of light transmitted or 
reflected by thin films. 
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[OQQ68] This ada etive procedure per m ^ the realization of optical sensors for a 
ph.rriitv of applica tion. The evaluation of th e mea surements by correlation with 
™Ho,. s lv recorded w. patterns perm its the direct determination of the sought 
values without u> detour via an analysis of th e optical spectrum, 




[000701 Provid ed that the properties of all components of the apparatus are 
H^rmined with sjiffi cient precision, the required set of base patterns can be 
calculated, 

[0007 1 1 The nihility is partic u larly interesting of measuring a set of base 
patterns for the respective specific design of the apparatus with the help of a suitable 
adjustable monochromatic reference light source Since the base patterns in this case 
alread y include all t y pes of oniical aberration occurring in the respective apparatus, 
the demands on the optical quali ty of the components of the a pparatus are relativel y 
low provided that t he base patterns remain approximately linearly independent. 




[00073] Unlike th» p^r art which relie s on a direct Fourier transformation of the 
recorded interferenc e ^terns instead, the invention relies on an orthogonalization . 
with resnect to the s pectral components a fter a suitable transformation of the recorded 
inference patterns. Tn this end the relative p,th length difference of the partial 
beams brought to interference must b e determin ed for each measured point. 
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In accordance with a preferred aspect of the invention, the interference pattern can be 
generated using well-known interferometers which divide the amplitude of the incident 
lighU ight with the help of a semi-transmitting mirror or of a suitable grating (optionally into 
more than two partial beams) and a subsequent superposition of the partial fields at the 
location of the detector. AH classical interferometers can be considered here which are 
optionally supplemented by dispersive or diffractive elements, for example: Michelson 
interferometcrs,Mach - Zehnder — interferometers, — Sagnac — interferometers, — Fabry - Perot 
interferometers or shearing interferometer s . Any arrangement, which generates interference 
patterns with spatial periods, which the respective detector can resolve can furthermore be 
considered. The spatial frequencies occurring at the detector can be selected independently of 
the wavelength range to be examined in each case by a suitable dimensioning of the 
apparatus. 

The generation of the partial fields by splitting the wavefront, for instance by a Fresnel 
biprism, by other combinations of prisms or mirrors, with the help of surfaces of irregular 
shape or likewise with the help of diffractive elements, can furthermore be considered — 
particularly favorably by the restriction to individual spatial modes of the light field. 

The required spectral dispersion can be introduced in all cases by a suitable design of the 
beam splitter itself or by additional optical elements. 

The detector provided with a suitably small diaphragm can be moved through the 

interference pattern (scanning). It is also po s sible to record the different measurement points 
successively by moving other components of the apparatus or with the help of an additional 
movable mirror. This method in particular suggests itself for extremely high-re s olution 
measurements or in wavelength ranges for which no suitable spatially resolving detectors are 
available. 

In the one - dimensional case, a suitable diode array or a CCD line suggest themselves as a 
spatially resolving detector. 



44- 



The use of two dimensional detectorc (CCD or other detectors) is particularly interesting, 
since in this case a substantially broader range for the properties of the base functions exists 
on the increase of the number of measured values and the respective correlations can be 
calculated correspondingly more exactly with "better" linearly independent functions. 

The Figures show preferred aspects of the invention in respecti vely different combinations . 



Figure 1 shows an extremely compact arrangement, with the optical components being 
integrated in a monolithic glass block. The light coupling (M) takes place directly from a 
mono mode glass fiber into the block so that the field initially develops as a spherical wave. 
The amplitude of the wave is split by a diffraction structure (G) applied directly onto the 
glass block into a diffracted component and a reflected component which run to a re s pective 
one of the mirrors (SI, S2) applied directly to the glass block. The diffraction structure acts in 
this process in claim 27, both as a beam splitter and as a spectrally highly dispersive optical 
element which changes the wavefront of the diffracted beam in a spectrally dependent 
manner. In the further steps, the partial fields are reflected and superimposed again. The 
illustrated arrangement here functions as follows. The resulting field exits the glass block via 
the free surface. A second field consisting of non used diffracted portions is substantially 
incident to that surface of the glass body via which the coupling of the spherical wave took 
place. This portion should be absorbed by a sui table coating of this surface. 

The detector (D) has a small spatial extent or has a suitable diaphragm and is located[ ? ] , on a 
movable arm, shown with a center of motion (P). The detector is moved through the light 
field and records its intensity at a plurality of spatial positions sequentially. In the 
arrangement shown, the movement of the arm is driven with the help of an' eccentric device 
(X), which is driven by a motor (R). 



A set of such measurements, i.e. a set of measured values recorded at defined positions, 
forms a pattern which can be evaluated with the help of the methods. 
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An arrang e ment in accord anc e wife rigurc ? n nn c a separate h oam cplittcr (S) f o r t he 
divicion of the amplitude o f th e wav e e an d n» n f iioporcivc e l eme n t (Gl, G2) in fe e ar mr of 
th e interf e rom ete r b c com c c po rn hlr by a mono m ode ro upling (M) ■ aperture diaph ra gm 
(A) ac c h o- n i r *fraatagee«s Sw* aa arr a ng eme nt manag e r with o ut a Fouri e r t ranrfo rm 
op tical system or fully with o ut m y imaging opti cal ole. u c ntG, cinc c the tr anslation invari a n ce 
the F o urrr t i nr f ^ — ^ "nitt r-rl T n " ev aktttiea ° f t lir i nterference p atte rn , 
i vh i oh are g e n er at e d by cimh an an a ng e m c nt, can t h uo aloo not t aVe p lac e dir e ctly hy a 
n umerical Fouri e ,, trancformati o n, but r c quir c c o ne of the meth od ^ shows her ein Th e 
an ang e mcnt ch o ^u m Figur e 2 ases a s p atially r cco Wi ng d e t e ctor (CCD) a phase modu lato r 
(D , f o r inc ta n - in fee fern rffet pi ™ aefa at e* rv mboliacd in th e Figure, hac a p a rt icu l a rly 
advantag e ous effect. 

The poooibility nf re cording i n t erfeie ncc pattern s at a plurality of diffe r e nt r e lative p ha.e 
p ocitionc of fee ffivelved provid e r mhr ta ntial advantage for the metho d r rh o wn 

In thic cacc, fee M a^he iaieBsities Fesp e eti^ly r e co r ded by th e rpa tially rccohang detecto r 
D i me a p atte rn -h i- h — h - evafeated wife th e he l rj of the m et h od^ « accord ance n rffl i th e 
invcatiori T 

In addition to the advantage o f an a ngemcnte, mhi r h arioe from th e pn rcible full dic pe nr i ng 

,,..i th im ag in g r r t r- ' te P"™ itr a mono modc " n p linfl, in P artici lhr l1 r o 1 11 

int o rforomctric ar r angem en t, whieh arc baccd o n a r p litting of the wavefre^ ■ Bey o n d t he 
omicGion of imag i ng opti cal ele m c ntc, thic a im p er mits the omr rio n of ab e am ep li t ter a^ a 
diocrete optical element. 

F ig u re 3 cho- r i" agMgemeai a nmnrd a n e e with the ind e nti o n. The requir e m e nt ir a 
c oupling (M). Ft h — « ^nn-Hnnc a nr efrr r c d embodim e nt. The c oupl ed l igh t f ield 
p ropagatc G ac a o p horical w a ve rt aiting from M I n the arrangem e nt shews, the mirr o r ( S) h a . 
q suitable opening thr ough mhi rh fee coupled fi e l d ea n pass. A porti o n o f the wave is in cide nt 



to a diffraction grating (Gl), another portion is incident to a diffraction grating (G2); the 
wavefront is thus split. An aperture diaphragm (A) as shown is advantageous. The gratings 
diffract the light with the highest possible efficiency back to the moving mirror (S), where a 
superimposition of the wave fields takes place. 

The moving mirror reflects the resulting field to the detector (D), which can record the 
intensity of the field at a plurality of different positions in dependence on the position of the 
mirror. 

It is favorable, but not absolutely necessary, to provide a phase modulator, for instance in the 
form of the piczo - actuator (P) shown, 

An alternative possibility for the generation of different interference patterns, which can be 
utilized in the methods shown can be realized in such an arrangement simply by a spatial 
di s placement of the coupling device. 

In this case, the pattern to be evaluated by a method is provided by a set of measured values 
which were measured for different positions of the mirror S. 

The performance capability of the apparatus and of the methods described in the following 
can be substantially improved if the relative phase position of the partial beams can be 
suitably influenced.This can take place, for instance, by the use of a mirrorwhich is linearly 
displaceable over a path in the order of magnitude of the wavelength and by which the 
relative phase position of the reflected light can be changed with high precision or, e.g. in the 
case of a design in the manner of a shearing interferometer or, e.g. in the case of a grating 
with a plurality of spatial frequency components as beam splitters, by a suitable "lateral" 
displacement of the components. 

The interferometric apparatus shown can furthermore be made or further developed such that 
the differences in the optical path lengths, at which the partial beams are brought to 



interference, differ by a measure introduced by the dispersive elcmcnt(s). The interferences 
are then limited to components of the incident light with a correspondingly high coherence 
length or a small bandwidth. 

An interference signal is only generated when the incident radiation shows coherence 
properties or autocorrelation properties in the range of the optical path length differences. On 
a use in the field of optical spectroscopy, line spectra can be selectively recorded in this 
manner. In this case, only components of the incident radiation in a spectrally small band and 
with a correspondingly large coherence length contribute to the signal measured. 

On a use in the field of optical data transmission, carriers with defined autocorrelation 
properties can be selectively recorded or measured. This is in particular interesting for an 
application in the field of coherence length multiplexing. 

The special advantage of the arrangement for both areas of application lies in the fact that the 
spectral resolution (spectroscopy) or bandwidth (data transmission) can be set independently 
of the line width to be selected (spectroscopy) or of the autocorrelation length (data 
transmission). 

A highly extremely compact and cost effective possibility to realize an arrangement in 
accordance with the invention is shown in Figure A. A diffractivc optical element (D) is used 
in a function , in this case a diffuser with a granularity of a suitable order of magnitude. The 
requirement for the operation is in turn a coupling of the light field (M) in the form of only 
one or fewer spatial modes . A suitable aperture diaphragm (A) as shown is advantageous. 
The variant shown expediently has an image - providing detector (CCD) . Instead of the 
diffuser, depending on the application, diffractive elements can be used which can generate a 
highly structured interference field. A variant of the Talbot effect or of the Lau effect, in 
particular the capability of specific structures to image themselves, can also be utilized in this 
context. Optionally, different interference fields can be generated by a spatial displacement of 
the coupling or a displacement or tilting of the diffuser . 
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Thic ar r an ge ment in expedieBtly eperated "nth a very high numb e r u f l u c acur c m o nt peat s f o r 
the interference t r" ; " eemfematiea wife the statistical mcthodc chown. 

The c c l cc tHt—f fee agaagemeats saa he impr o ved in that p n rtr int er act a plum li ty o f t i m er 
,-,- ith the light fie l ds , ta parties whefi the ar rangement permits a plurality of r e flections or 
ferns a r cco n it nr Figare § shews ™ agmgemem in accorda nce wit h the ind en t io n having 
thio property. 

A couplin g of t l r fiffi1H ir nrnin rffQuirod t0 ge " era lC lc c °S niEabl r int er f e re 
ficldc. A cuitablo aperture di ap hragm (A) ac shewn ic aav aata g e eafe The r c con ato r i s fo rm ed 
b y th e bea m splitter ( c ) m4 - mfestive elr m o nt (G) which cimn l t a u c oucly serve s nr n b ea m 
cp litt c r it ccl f o-r 3i3erem sheers nf diffnrtion The f.cld ic coupl e d wa the b ea m cp l i t te r ( S) 
into the r e conn t or; the r c cult in g interf e r e nce M4 i n the dir e ction o f the d e t e ctor (H T >) i * 
uncoupled via the diffracti^ ele m e nt (G). Furth e r p n r t ial beams refl ecte d a plurality o f tini er 
likewise contribute to the interferenc e 

In addition to cim p lc grating o n the one hand, and complex d if fr ac tion ctructur er, o n th e 
other hand, mu ltip le); gratingr (nipcr impociti o n o f a plurality o f rpn tial froqu e n c i ee) o r 
g r ating: :ub di 44ed a ptoUty nf times for instance ac illu rtnlc d in Figure n , nre n l p o 
cuitablo ac a diff r activc cl e m e nt Tu this example, th e beam splitt e r ( S) ic r e alis e d a c a r e mi - 
Uanc mittin g min -iv whereas the-4ife&t^ element (G) in th e f o r ,. , shown ic re alize d by 
cti -ip lik e grat ings fepesea next te one nnoth e r with differ e nt gratmg oonctantc. The p a ri o f 
t h e fi e ld refle ct ed -y th€ respective gratings fflt h o r der of diffn rtio n) oxito the r eso n ato r 
w hereas th e pa ri a £ me '^ h< fipM diffrmt ed by t h e gratingc (r eq uiring a cuitabl e w avelengfe) 
initially remains i n the r e con n t o r and again part i ally re aehes the d if f netive elem e nt vi a the 
beam cp litter (S). 



The technical design of the resonator in this process is of subordinate importance. In addition 
to simple resonators having only two components, all types of resonators, in particular also 
ring cavities, can be considered. 

Very complex patterns result from the multiple reflections which are preferably treated with 
the help of the statistical methods named in the method claims (cross correlation) with a very 
high number of measured values. 

A further a s pect in accordance with the invention provides for the apparatus to have means 
for the rotation of the interferometer or means for the changing or selection of the angle of 
incidence which permit an adjustment of the spatial frequency or of the spatial frequencies of 
the generated interference pattern. 

The wavelength range which the arrangement can detect without moving parts is given by the 
capability of the detector to detect the corresponding spatial frequencies in the interference 
pattern. It can be of particular advantage for a technical realization of the arrangement to 
achieve the selection of a wavelength range, i.e. in this case the setting of the interferometer 
such that the spatial frequencies resulting for this wavelength range can be detected by the 
detector, by a rotation of the interferometer as a whole or by a suitable change of the angle of 
incidence. For this design, the interferometer itself manages without any moving elements 

with the exception of the optionally required means for phase modulation and can 

nevertheless be used for different wavelength ranges. 

In this case, the components of the interferometer can be fixed with respect to one another, 
which has an advantageous effect on the stability of the adjustment. It is a requirement for the 
adaptation of the wavelength over the angle of incidence that the angle at which the partial 
fields are superimposed in the interferometer, shows a suitable dependence on the angle of 
incidence. This is e.g. the case when the partial fields are superimposed in a mirror image, i.e. 
the partial fields must be guided over a number of mirrors different by 1 in each case in an 
interferometer asymmetric in this respect. 



In accordance with a further advantageous aspect of the invention, this situation can be 
achieved by the use of a diedcr or retroroflector with symmetrical interferometers, 

Figure 7 shows a particularly advantageous arrangement . The light field is coupled (M) , The 
aperture diaphragm (A) bounds the solid angle to avoid scattered light. 

The light field is then incident on a diffractive structure (diffraction grating), preferably made 
as a grating or as a multiplex grating. Holographically optical elements can be used very 
advantageously at this point. The reflected portion of the field is incident on a mirror (S2), the 
diffracted portion of the field is incident on another mirror (SI). Portions of the respective 
partial fields are reflected back from the mirrors to the diffractive element and are there 
superimposed to form two interference fields by respective partial reflection and diffraction. 
One of these interference fields reaches the detector (CCD). The patterns recorded by the 
detector can then be further processed numerically in the manner shown. Other parts of the 
fields exit the arrangement unused. The actuator (phase shifter) shown at one of the mirrors 
(S2) permits the recording of interference patterns at different relative phase positions of the 
partial fields. 

The arrangement shown in Figure 8 forms a particularly advantageous combination. Beyond 
the element for coupling the light field (M) already shown in Figure 7, an aperture diaphragm 
(A), mirrors (SI, S2), a diffractive element (diffraction grating) and the detector (CCD), an 
imaging optical element (L) and an exit aperture (A2) can be used. The exit aperture restricts 
the variability of the interference patterns, which occur. For the case that the diffractive 
element is a diffraction grating, the exit aperture can also restrict the wavelength range of the 
fields, which reach the detector. 

The correlation required for a measurement of a measured interferometer pattern with the 
interferometer pattern known for a specific spectral component or for a group of spectral 



components can very advantageously take place directly optically with the help of a mask 
and, optionally, suitable phase modulation or another form of detuning of the interferometer. 

The interference patterns of a spectral fingerprint with a plurality of spectral components can 
in particular be already contained in a single ma s k. 

The multiple recording of the interference pattern through the mask positioned in front of the 
detector at different relative phase positions of the partial beams shows a strong dependence 
of the respectively measured integrated total intensity of the signal on the relative phase 
position only for those spectral components of the incident light with whose interference 
patterns the mask correlates. 

A direct optical correlation is much superior to numerical methods under favorable 
circumstances. This form of the arrangement becomes particularly interesting with the use of 
a variable mask, for instance of an LCD screen (spatial light modulator, SLM).A variable 
amplitude mask (SLM) which can show different samples for optical correlation can be 
realized relati vely s imply since the mask is no longer part of the actual interferometer. 

In accordance with a further advantageous aspect of the invention, the change of the relative 
phase position of the interfering part fields and the change of the spatial frequency or spatial 
frequencies of the generated interference pattern takes place jointly by a movement of at least 
one component of the apparatus. 

It is advantageous to make measurements at different relative phasings of the partial fields. If 
the optical path lengths of the partial fields are not equal and/or if the tilting of the optical 
elements results in a change of the difference of the optical path lengths of the partial fields, 
the relative phase position of the interference pattern also changes on the setting of the 
wavelength. This effect can be utilized directly for the measurement of the different phase 
positions. This is particularly advantageou s for a technical design, since a s eparate 
mechanism for the modulation of the phase position can then be omitted. 



The rotation of one of the optical elements about a support point P outside the beam path 
simultaneously effects a change of the optical path length and thus a modulation of the 
relative phase position in addition to the change in the angle and thus to the setting of the 
selected wavelength. 

In accordance with a further advantageous aspect of the invention, the spectrally dispersive or 
diffractive element is a multiplex grating, a multiplex hologram, a holographically optical 
element or a computer - generated hologram (CGH), 

When a two - dimensionally resolving detector is used, it can be particularly advantageous to 
use spectrally dispersive elements which do not only effect a simple deflection of the 
respective partial — beam. The — generation — of complicated — interference patterns — appears 
advantageous in particular in connection with the correlation methods shown. Such complex 
patterns optionally show a more sharply defined correlation signal than simple stripe patterns. 

When a periodic diffraction grating is used, the positions of equal optical path length and thus 
the maximum amplitude or modulation for the different wavelengths lie (in contrast to a 
normal Fourier transform spectrum!) at different positions of the detector. This has a 
favorable effect on the required dynamic range of the detector element. 



r000741 For special applications, for instance in chemometrics, the demonstration 
of a substance by the determination of spectral "fingerprints" in specific ranges of an 
absorption spectrum, or the simultaneous determination of specific spectral lines, 
spseia lThose knowledgeable in the art may contemplate using classical 
interferometers for dividing the amplitude of the incident light, which are optionally 
supplemented by dispersive or diffractive elements, such as, for example. Michelson 
interferometers, Mach-Zehnder interferometers, Sagnac interferometers, Fabry-Perot 
interferometers or shearing interferometers. Any arrangement; which generates 
interference patterns with spatial periods, which the respective detector can resolve is 
within contemplation for use by the invention. . The spatial frequencies occurring at 
the detector can be selected independently of the wavelength range to be examined in 
each case by a suitable dimensioning of the apparatus. 

[000751 The generation of the partial fields by splitting the wavefront, for instance 
by a Fresnel biprism, by other combinations of prisms or mirrors, with the help of 
surfaces of irregular shape or likewise with the help of diffractive elements, can 
furthermore be considered-particularly favorably by the restriction to individual 
spatial modes of the light field. 

["000761 The required spectral dispersion can be introduced in all cases by a 
sui table design of the beam splitter itself or by additional optical elements. 

["000771 The detector-provided with a suitably small diaphragm-can be moved 
through the interference pattern (scanning). It is also possible to record the different 
measurement points successively by moving other components of the apparatus or 
with the help of an additional movable mirror. This method is particularly applicable 
for extremely high-resolution measurements or in wavelength ranges for which no 
suitable spatially resolving detectors are available. 

[000781 In the one-dimensional case, a suitable diode array or a CCD line may be 
used as a spatially resolving detector. 
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F000791 The use of two-dimensional detector (CCD or other detectors) is 
particularly interesting, since in this case a substantially broader range for the 
properties of the base functions exists on the increase of the number of measured 
values and the respective correlations can be calculated correspondingly more exactly 
with "better" linearly independent functions. 



[000801 III. First Embodiment 



rOOOSl 1 FIG. 1 illustrates an extremely compact arrangement of the apparatus of 
the invention with the optical components being integrated in a monolithic glass 
block. 

[000821 According to the invention there is means (M) for coupling in one single 
spatial mode of an incoming light field. In the shown embodiment said means for 
coupling in a single mode is implemented using an optical mono mode fibre. 

[000831 In the shown very compact setup the optical elements (M - mono mode 
coupler, G - .grating, si - Mirror, s2 - Mirror) are shown fixed on a pentagonal 
mount. The mount may be made of glas or a suitable transparent material. 

[000841 The light coupling (M) takes place directly from said mono-mode fiber 
into the monolithic glass block. 

[000851 Said incoming single spatial mode of light is directed to a grating (G). The 
grating is used as a beam splitter and said incoming single spatial mode is splitted by 
amplitude into two sub fields. 

[000861 The grating creates one part field by diffracting (-1-st order of diffraction) 
part of the incoming field. The grating creates another part field by reflecting ( "0-st" 
order of diffraction) part of the incoming field. In the shown arrangement the grating 
resembles a beam splitter splitting amplitude. 

[000871 The diffracted sub field is directed to a mirror (S 1), the reflected sub field 
is directed to another mirror (S2). Those mirrors are used together with said grating as 
means for generating an interference pattern by superimposing the part fields. 



[000881 The mirrors are applied directly to the glass block. 



[000891 The mirrors reflect the sub fields back to said grating and the grating will 
superimpose the two fields by diffracting part of the beforehand reflected sub field in 
the direction to the detector and reflecting the beforehand diffracted sub field also in 
the direction to the detector. The resulting superposition of the sub fields generates the 
interference pattern. 

[000901 At the same time the diffraction grating is used as means for changing the 
shape and the direction of propagation of both of the sub fields depending on 
wavelength. 

The grating resembles a diffractive optical element for changing the shape or the 
direction of propagation of the wave front. 

[000911 The diffraction structure (G) acts both as a beam splitter and as a spectrally 
highly dispersive optical element which changes the wavefront of the diffracted beam 
in a spectrally dependent manner. 

[000921 In fact the incoming wave is a single spherical spatial mode. The angel of 
diffraction at the planar grating is depending upon the wavelength. The direction of 
propagation of the diffracted wave therefore will depend on the wavelength. Further 
the diffracted wave is also distorted i.e. changed in shape related to the shown 
geometry : In fact the diffracted field has a stretched width . 

[00093] The resulting superposed fields exit the glass block via a free surface 

[000941 The resulting interference pattern is recorded by a detector. The detector 
will measure the intensity of the interference pattern at a plurality of spatial positions 
and the measurement values will be the base of numerical calculations to reconstruct 
the spectral properties of the incoming light. 

[000951 In the shown embodiment the detector is scanning, i.e. is moved through 
the interference pattern with respect to a single spatial degree of freedom for 
recording an intensity of the interference pattern at a plurality of discrete spatial 
positions. 



[000961 The detector (D) has a small spatial extent or has a suitable diaphragm and 
is located, on a movable arm, shown with a center of motion (P). 

r000971 In the shown embodiment the movement of the detector is done by 
mechanical means comprising an motor R and an excentric X. The measured values 
are then transferred to means for numerical processing (not shown) to determine 
spectral properties of the incoming light by the claimed methods of calculation. 

[000981 According to the method a numerical representation of said interference 
pattern using the values of said measured values of the intensity of said interference 
pattern; will be generated. The numerical calculation of an optical spectrum or 
spectral properties of the light is then performed by correlating said numerical 
representation of said interference pattern with certain base patterns; wherein said 
base patterns correspond to numerical representations of said interference patterns for 
corresponding basic spectral features. 
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[000991 IV. Second Embodiment 

rOOOl 001 Referring now to FIG. 2, there is shown an arrangem ent that uses a 
separate beam splitter (S) for the division of the amplitude of the waves and two 
dispersive elements (Gl. G2) in the arms of the interferometer. 

rOOOlOl 1 According to the invention there is means (M) for cou pling in one single 
spatial mode of an incoming light field. In the shown em bodiment said means is a 
spatial filter i.e. implemented as pinhole. 

rOOOl 021 Said incoming single spatial mode of light is directe d to a beam splitter (S) 
passing an aperture (A). An aperture diaphragm (A) as shown is advantageous.to 
limits the numerical aperture of the incoming light in order to avo id stray li ght. 

rOOOl 031 The shown beamsplitter is implemented as cubi c splitter using a 
semitransparent mirror. Said incoming single spatial mode of light is splitted by 
amplitude into two sub fields. 

rOOOl 041 One of the sub fields is the part of the field passing the semitransparent 
mirror. This field is directed to a grating (Gl). The other sub field is the part of the 
field reflected by the semitransparent mirror. This field is direc ted to another grating 
(G2). 

rOOOl 051 The gratings are arranged to diffract the fields back to th e beamsplitter (S). 
(Littrow-configuration of a grating). The angle of the diffraction is strongly dependent 
on wavelength. Therefore depending on the wavelength the fields going back to the 
beamsplitter show an angular deviation depending on wavelength. Furthermore for 
reasons of geometry the diffracted fields show a distortion. 

[0001 061 The beamsplitter will then generate a superposition of the diffracted fields 
bv reflecting part of the sub field diffracted by one grating (Gl ) to the detector and 
transmitting part of the subfield diffracted by the other grating (G 2) also to the 
detector. The resulting superposition of the sub fields generates the interference 



pattern. 



r0001071 This resulting interference pattern is recorded by a detector. The detector 
(CCD) is shown implemented as a spatially resolving detector. The detector will 
measure the intensity of the interference pattern at a plurality of spatial positions and 
the measurement values will be the base of numerical calculations to reconstruct the 
spectral properties of the incoming light. 

[000108] The measured values are then transferred to means for numerical 
processing (not shown) to determine spectral properties of the incoming light by the 
claimed methods of calculation. 

[0001091 The embodiment further uses an phaseshifter (P) implemented as actuator 
translating the attached grating (G2). An phaseshift of the according sub field is done 
by translation of the grating using said Actuator. 

rOOQl 101 . By making use of the means (M) for coupling in one single spatial mode 
of an incoming light field the embodiments including the presently described 
configuration are advantageously able to operate without the need of a Fourier 
transform optical system and without needing any imaging optical elements. Because 
said coupling in of a single spatial mode guarantees spatial coherence the 
embodiments are not dependent on the translation invariance of the Fourier 
transformation to generate unambiguous interference pattern.. 

rOOQl 1 11 The evaluation of the interference patterns, which are generated by such an 
arrangement, cannot be performed using a numerical Fourier transformation. Instead, 
the methods described herein are required to evaluate said interference patterns, by 
correlating them with certain base patterns; wherein said base patterns correspond to 
basic spectral features to be detected.. 

[0001 1 21 The arrangement shown in FIG. 2 uses a spatially resolving detector 
(CCD) . A phase modulator (P) for instance in the form of the piezo-actuator 
symbolized in Figure 2, has a particularly advantageous effect. 



[0001131 V. Third Embodiment 
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[0001 141 The embodiments shown above are advantageous because they are not 
dependent on imaging optical elements, 

[0001 151 Another advantage of the in vention resulting from the use of the means 
(M) for coupling in one single spatial mode is the possibility to employ means for 
dividing the wavefront of said single spatial mode to generate the subfields. The 
possibility to use a wave front splitter instead of an amplitude splitter allows for a 
broad range of new advantageous embodiments. 

[0001 161 Referring now to FIG- 3, there is shown an arrangement that uses a 
wavefront splitter based on two optical gratings(Gl,G2) for the division of the 
wavefront while said gratings (G1,G2) at the same time are used as spectrally 
dispersive elements, 

[0001 1 71 According to the invention there is means (M) for coupling in one single 
spatial mode of an incoming light field. In the shown embodiment said means is a 
spatial filter i.e. implemented as pinhole. 

[0001 1 81 In the arrangement shown, the mirror (S) has a suitable opening through 
which said coupled in one single spatial mode can pass. 

[0001 191 Passing an aperture (A) said incoming single spatial mode of light is 
directed to said combination of two gratings (G1,G2). The aperture just limits the 
numerical aperture of the incoming light to avoid stray light, 

[0001 201 A portion of the wave is incident to a diffraction .grating (Gl ), another 
portion is incident to a diffraction grating (G2); the wavefront is thus split. Said 
combination of said two gratings serves as a beam splitter splitting the wavefront of 
the incoming single spatial mode of light in to a subfield handled by one grating (Gl ) 
and another subfield handled by the other grating (G2). 

[000121 1 The .gratings are arranged to diffract the fields back (Littrow-configuration 
of a grating) to a tiltable mirror (S) and generate a superposition of said subfields. 



[0001221 The angle of the diffraction is strongly dependent on wavelength. 
Therefore depending on the wavelength the fields diffracted to said mirror (S) show 
an angular deviation depending on wavelength. Furthermore for reasons of geometry 
the diffracted fields show a distortion. 

[0001231 While the gratings introduce a strong angular deviation of the fields 
depending on wavelength it is a assumed that within a spectral range of the device the 
total deviation will stay small enough to allow a superposition of at least part of the 
subfields. In case of a too strong angular deviation the fields will miss each other and 
the detector and we are out of spectral range. By rearranging the angular position of 
the gratings this can be compensated for. 

[0001241 Said mirror (S) reflects the subfields in a direction towards the detector 
(D) where the superposition of the subfields will generate the interference pattern. 
This resulting interference pattern is recorded by a detector. 

[0001251 In the shown embodiment the interference pattern itself is moved over the 
detector (scanned) by tilting said mirror (S). Each angular position of the tillable 
mirror represents a certain spatial position of the interference pattern hitting said 
detector. 

[0001261 The detector will thus measure the intensity of the interference pattern at a 
plurality of spatial positions and the measurement values will be the base of numerical 
calculations to reconstruct the spectral properties of the incoming light. 

[0001 271 The measured values are transferred to means for numerical processing 
(not shown) to determine spectral properties of the incoming light by the claimed 
methods of calculation. 

[0001281 The embodiment further uses an phaseshifter (P) implemented as actuator 
translating the attached grating (G2) for example, embodied as piezo-actuator as 
shown. A phaseshift of the according subfield is done by translation of the grating 
using said Actuator. 



r0001291 The performance capability of the apparatus and of the methods described 
can be substantially improved if the relative phase position of the sub fields can be 
suitably influenced. 

[0001 301 This can take place, for instance, by the use of a mirror or a grating which , 
is linearly displaceable over a path in the order of magnitude of the wavelength and 
by which the relative phase position of the reflected light can be changed with high 
precision or, e.g. in the case of a design in the manner of a shearing interferometer or, 
e.g. in the case of a grating with a plurality of spatial frequency components as beam 
splitters, by a suitable "lateral" displacement of the components. 

rOOOl 3 11 In an alternative arrangement to generate different interference patterns 
according to phaseshifts, a spatial displacement of the coupling device (M) is used. 

rOOOl 321 The interferometric apparatus may further take advantage of differences in 
the optical path lengths, at which the sub fields are brought to interference. The 
interference patterns are then introduced only by components of the incident light 
with a high coherence length or the respective small bandwidth corresponding to said 
differences in the optical path lengths,. 

rOOOl 331 One of the key features of all described embodiments is that an 
interference signal is only generated when the incident radiation shows coherence 
properties or autocorrelations properties within the range of the optical path length 
differences. 

[0001341 For use in the field of optical spectroscopy, line spectra can be selectively 
recorded in this manner. In this case, only components of the incident radiation in a 
spectrally small band and with a correspondingly large coherence length contribute to 
the signal measured. 
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rOOQ1351 For use in the field of optica) data transmission, carriers with defined 
autocorrelation properties can be selectively recorded or mea sured. This is in 
particular interesting for an application in the field of coherence length multiplexing. 
A special advantage that may be realized for both areas of application l ies in the fact 
that the spectral resolution (spectroscopy) or bandwidth (data tr ansmission) can be set 
independently of the line width to be selected (spectroscopy) or o f the autocorrelation 
length (data transmission). 

[0001361 VL Fourth Embodiment 

rOOOl 371 FIG. 4 illustrates an extremely compact and cost-effective con figuration of 
the apparatus of the invention . 

rOOOl 381 According to the invention there is means (M) for coupling in one single 
spatial mode of an incoming light field. In the shown embodiment said means is a 
spatial filter i.e. implemented as pinhole.. 

rOOOl 391 Passing an aperture (A) said incoming single spat ial mode of light is 
directed to a dispersive or diffractive optical element (D) resembling a diffuser with a 
granularity of a suitable order of magnitude or an array of small optical diffractive or 
dispersive elements. 

[000 1 401 The aperture (A) i ust limits the numerical aperture of the incoming light to 
avoid stray light. 

[000141 1 Said dispersive or diffractive optical element (D) will split the wavefront 
of the incoming single spatial mode of light in to a multitude o f sub fields showing 
different dependencies on wavelength 

r0001421 The variant shown expediently has an image-providing d etector (CCD) . 

[0001 431 Instead of using as shown a diffractive optical element (D ) as a diffuser, 
depending on the application, other diffractive elements may be used which can 
generate a highly structured interference field. 



r0001441 Optionally, different interference fields can be generated by a spatial 
displacement of the coupling or a displacement or tilting of the diffuser . 

[0001451 At the position of the detector (CCD) the superposition of said multitude 
of subfields will generate a complex and highly structured interference pattern 
("speckle pattern") This resulting interference pattern is recorded by said detector 

[000146] The detector (CCD) is shown implemented as a spatially resolving 
detector, For the embodiment shown a 2 dimensional CCD is a preferred detector. 

["0001471 This arrangement is expediently operated with a very high number of 
measurement points for the interference pattern to support the numerical calculation 
of an optical spectrum or spectral properties of the light by correlating said 
interference pattern with certain base patterns according to the above illustrated 
method . 

[000148] The detector will measure the intensity of the interference pattern at a 
plurality of spatial positions and the measurement values will be the base of numerical 
calculations to reconstruct the spectral properties of the incoming light. 

[0001 491 The measured values are transferred to means for numerical processing 
(not shown) to determine spectral properties of the incoming light by the claimed 
methods of calculation. 

[0001501 VII, Fifth Embodiment 

[00015 1 1 FIG. 5 illustrates an arrangement in which a plurality of subfields is 
generated and superimposed using an optical resonator. 

[0001 521 According to the invention there is means (M) for coupling in one single 
spatial mode of an incoming light field. In the shown embodiment said means is a 
spatial filter i.e. implemented as pinhole. 



rOOOl 531 Said incoming single spatial mode of light is directed to a semitransparent 
mirror (S) passing an aperture (A). The aperture just limits the numerical aperture of 
the incoming light to avoid stray light. 

r0001541 Part of said incoming single spatial mode of light passes said 
semitransparent mirror (S) and propagates to the grating (G). 

["0001 551 The resonator is formed by said semitransparent mirror (S) and said 
grating (G) which simultaneously serves as a beam splitter and a diffractive element. 
The field is coupled via the beam splitter (S) into the resonator; the resulting 
interference field in the direction of the detector (CCD) is uncoupled via said grating 

ffiL 

["0001561 In the shown arrangement the grating resembles a beam splitter splitting 
amplitude. 

[0001571 The grating splits said single permitted spatial mode of an incoming light 
field into two subfields: A first sub field is generated by reflection at the grating ("0- 
order of Diffraction") and is directed to the detector (CCD), a second sub field is 
generated by diffraction at the grating ("-1-st-order of Diffraction") and is directed 
back to said semitransparent mirror (S). 

rOOOl 581 By the semitransparent mirror a part of said first sub field is reflected back 
to said grating (G) again, where it is split again. One of the resulting further subfields 
is generated by reflection at the grating and directed to said detector bringing it to 
superposition with said first subfield. The other of said resulting further subfields is 
generated by diffraction and directed back to said semitransparent mirror (S) where 
the process repeats. 

[000159] Thus the semitransparent mirror (S) and the grating (G) collectively form 
an optical resonator. Each iteration generates a further subfield directed to the 
detector. The resulting superposition of multiple subfields generates the interference 
pattern. 
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rOOOl 601 At the same time the grating represents mea ns for changing the shape or 
the direction of propagation of the wavefront of at least one of said sub fields in 
dependence on the wavelength causing differe nt spectral components of said single 
spatial mode of an incoming light field with d ifferent wavelengths to generate 
different of said interference pattern. 

[000161] This resulting interference pattern is recorded bv a detector. The detector 
(CCD) is shown implemented as a spatial ly resolving detector, A 2-dimensional 
spatially resolving detector is preferable. 

rOOOl 621 The detector will measure the intensity of the interference pattern at a 
plurality of spatial positions and the measurement values will be the base of numerical 
calculations to reconstruct the spectral prop erties of the incoming light. The measured 
values are transferred to means for numerica l processing (not shown) to determine 
spectral properties of the incoming light by th e claimed methods of calculation. 

10001631 VIII. Sixth Embodiment 

rOOO 1.641 FIG. 6 illustrates, in addition to simple gratings, on the one hand, and 
complex diffraction structures, on the oth er hand, multiplex gratings (i.e., a 
superimposition of a plurality of spatial frequ encies) or gratings sub-divided a 
plurality of times. The multiplex gratings are also suitable as a diffra ctive element. 

rOOOl 651 A preferred implementation of the arran gement as show in Fig. 5 is 
implemented using a prism shaped glass block as mount for the semitransparent 
minor (S) and the grating (G) as show n in Fig. 6. 

rOOOl 661 The prism as shown in Fig. 6 (left side) can carry said semitransparent 
mirror (S) and said grating (G) on surfaces a s shown. Furthermore it may use instead 
of a single grating one of a combination of gratings or a multiplex grating or a 
multiplex hologram or a holographic optical element or a computer-generated 
hologram. 



rOOOl 671 Figure 6 (right side) illustrates a diffractive optical element which is a 
combination of several subgratings. 

r0001681 In the shown embodiment the diffractive element (G) is realized by strip- 
like gratings with different grating constants disposed next to one another. The part of 
the field reflected by the respective gratings (Oth order of diffraction) exits the 
resonator, whereas the part of the light field diffracted by the gratings (requiring a 
suitable wavelength) initially remains in the resonator and again partially reaches the 
diffractive element after reflection by said semi transparent mirror (S) as explained 
above. 

r0001691 The technical design of the resonator in this embodiment is of subordinate 
importance. In addition to simple resonators having only two components, all types of 
resonators, in particular also ring cavities, can be considered. 

["OOP! 701 Very complex interference patterns result from the shown multiple 
superposition of a multitude of the generated subfields. The numerical calculation of 
an optical spectrum or spectral properties of the light by correlating (cross- 
correlation) said interference pattern with certain base patterns according to the above 
illustrated methods benefit by using said complex interference patterns. 

rOOOl 711 In further embodiments, the apparatus may include means for the rotation 
of the interferometer or means for changing selecting the angle of incidence which 
permits an adjustment of the spatial frequency or spatial frequencies of the generated 
interference pattern. 



« n 



rOOOl 721 The wavelength range, which the arrangement can detect without moving 
parts, is facilitated by the detector which detects the corresponding spatial frequencies 
in the interference pattern. It can be of particular advantage to select a wavelength 
range, by a rotation of the interferometer as a whole or by a suitable change of the 
angle of incidence. In this embodiment, the interferometer itself operates without any 
moving elements— with the exception of the optionally required means for phase 
modulation— and can nevertheless be used for different wavelength ranges according 
to different of said subgratings. 

[0001 731 In still further embodiments, it is contemplated to use a dieder or 
retroreflector as part of the interferometric setup. 

[0001741 IX. Seventh Embodiment 

[0001 751 FIG. 7 shows a particularly advantageous embodiment of the apparatus of 
the invention. 

[0001 761 According to the invention there is means (M) for coupling in one single 
spatial mode of an incoming light field. In the shown embodiment said means is a 
spatial filter i.e. implemented as pinhole. 

[0001 771 Said incoming single spatial mode of light is directed to a grating or 
diffractive structure(G). Holographic optical elements can be used very 
advantageously at this point. 

rOOOl 781 ■ The shown aperture ( A) just limits the numerical aperture of the 
incoming light to avoid stray light. 

[0001 791 The grating is used as a beam splitter and said incoming single spatial 
mode is splitted by amplitude into two sub fields. The grating creates one part field by 
diffracting (-1-st order of diffraction) part of the incoming field. The grating creates 
another part field by re flecting ( "0-st" order of diffraction) part of the incoming 
field. 



fOOOl 801 In the shown arrangement the grating resembles a beam splitter splitting 
amplitude. 

rOOOl 811 The diffracted subfield is directed to a mirror (SI), the reflected subfield 
is directed to another mirror (S2). 

[0001821 Those mirrors are used together with said grating as means for generating 
an interference pattern by superimposing the part fields, The mirrors reflect the sub 
fields back to said grating and the .grating will superimpose the two fields by 
di ffracting part of the beforehand reflected sub field in the direction to the detector 
and reflecting the beforehand diffracted sub field also in the direction to the detector. 

["0001 831 The resulting superposition of the sub fields generates the interference 
pattern. 

FOOOl 841 At the same time the diffraction grating is used as means for changing the 
shape and the direction of propagation of both of the sub fields depending on 
wavelength. 

["0001 851 In fact the incoming wave is a single spherical spatial mode. The angel of 
diffraction at the planar grating is depending upon the wavelength. The direction of 
propagation of the diffracted wave therefore will depend on the wavelength. Further 
the diffracted wave is also distorted i.e. changed in shape related to the shown 
geometry : In fact the diffracted field has a stretched width . 

[0001 861 The resulting interference pattern is recorded by a detector. The detector 
will measure the intensity of the interference pattern at a plurality of spatial positions. 

[0001 871 The measured values are transferred to means for numerical processing 
(not shown) to determine spectral properties of the incoming light by the claimed 
methods of calculation as explained above. 
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rOOOl 881 The embodiment further uses a phaseshifter (P) implemented as actuator 
translating the attached mirror (S2). A phaseshift of the according subfield is done by 
translation of the grating using said actuator. 

[0001891 X. Eighth Embodiment 

[0001901 A preferable embodiment to realize a optical sensor to quantify certain 
spectral properties of incoming light is shown in Fig. 7. 

[000191] According to the invention there is means (M) for coupling in one single 
spatial mode of an incoming light field. In the shown embodiment said means is a 
spatial filter i.e. implemented as pinhole. 

rOOOl 921 Said incoming single spatial mode of light is directed to a grating (G) 
passing an aperture (Al). The aperture just limits the numerical aperture of the 
incoming light to avoid stray light. 

[0001 931 The grating is used as a beam splitter and said incoming single spatial 
mode is split by amplitude into two subfields. 

[0001941 The grating creates one part field by diffracting (-1-st order of diffraction) 
part of the incoming field. The .grating creates another part field by reflecting ( "0-st" 
order of di ffraction) part of the incoming field. 

[0001 951 In the shown arrangement the grating resembles a beam splitter splitting 
amplitude. 

[0001961 The diffracted subfield is directed to a mirror (SI), the reflected subfield 
is directed to another mirror (S2). 

[0001971 Those mirrors are used together with said grating as means for generating 
an interference pattern by superimposing the part fields. The mirrors reflect the 
subfields back to said grating and the grating will superimpose the two fields by 
diffracting part of the beforehand reflected subfield in the direction to the detector and 
reflecting the beforehand diffracted subfield also in the direction to the detector. 



fOOOl 981 The resulting superposition of the sub fields generates the interference 
pattern. 



[0001 991 At the same time the diffraction grating is used as means for changing the 
shape and the direction of propagation of both of the sub fields depending on 
wavelength. 

[0002001 The incoming wave is a single spherical spatial mode. The angel of 
diffraction at the planar grating is depending upon the wavelength. The direction of 
propagation of the diffracted wave therefore will depend on the wavelength. Further 
the diffracted wave is also distorted i.e. changed in shape related to the shown 
geometry: In fact the diffracted field has a stretched width. 

[000201 1 An additional transfer lens (L) will project said interference pattern via an 
second aperture (A2) onto a detector. 

[0002021 In case said lens (L) is arranged to generate an image of the pinhole (M) in 
the plane of said second Aperture (A2) said Aperture may be used to limit the spectral 
range of fields propagating to the detector. The aperture (A2) by this restricts the 
variability of the interference patterns, which may occur at the detector, which can be 
advantageous for the recognition of spectral features. 

[0002031 At the same time said lens (L) may be used to change the scale of the 
interference pattern. 

[0002041 The resulting interference pattern is recorded by dection means for 
recording a weighted sum of the intensities of said interference pattern at a plurality of 
discrete spatial positions in order to identify an optical spectrum or spectral properties 
of said incoming light field according to a predetermined set of said weights. 
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r0002051 Those means for recording a weighted sum of the intensities are 
implemented by using a suitable mask in front of a spatially integrating detector 
(Detector with mask). Said mask representing a spatial distribution of different 
absorption correlates with at least one generated interference pattern representing the 
spectral features to be detected. 

r0002061 The detector output will have a direct correlation to the intensity of said 
spectral features of the incoming light. 

r0002071 The embodiment further uses an phaseshifter (P) implemented as actuator 
translating the attached mirror (S2). A phaseshift of the according subfield is done by 
translation of the .grating using said actuator. 

r0002081 The evaluation of the interference pattern i.e. the performing of the 
correlation required for a comparison of a measured interference pattern with the 
interferometric pattern known for a specific spectral component or for a group of 
spectral components in this case is performed optically with the help of s aid mask 
and, optionally, suitable phase modulation or another form of detuning of the 
interferometer. 

r0002091 The interference patterns of a spectral fingerprint with a plurality of 
spectral components can in particular be already contained in a single mask. 

[0002101 The mul tiple recording of the interference pattern through the mask 
positioned in front of the detector at different relati ve phase positions of the partial 
beams shows a strong dependence of the respectively measured integr ated total 
intensity of the signal on the relative phase position only for those spectral 
components of the incident light with whose interference patterns the mask correlates. 

[00021 1 1 A direct optical correlation is much superior to numerical methods under 
favorable circumstances. 

r0002 1 21 This form of the arrangement becomes particularly interesting with the use 
of a vari able mask, for instance of an LCD screen (spatial li ght modulator, SLM). 



r0002 1 31 A variable amplitude mask (SLM) which can show different samples for 
optical correlation can be easily impolemented since the mask is not pa rt of the actual 
interferometer but part of the detector. 

r0002 1 41 In accordance with a further advantageous aspect of the invention, the 
change of the relative phase position of the interfering part fields and the change of 
the spatial frequency or spatial frequencies of the generated interfere nce pattern takes 
place jointly by a movement of at least one component of the apparatus. 

[0002 1 51 It is advantageous to make measurements at different relative phases of the 
partial fields. If the optical path lengths of the partial fields are not equal and/or if the 
tiling of the optical elements results in a change of the difference of the optical path 
lengths of the partial fields, the relati ve phase position of the interference pattern also 
changes on the setting of the wavelength. This effect can be utilized direc tly for the 
measurement of the different phase positions. This is particularly advantageous in the 
design of the apparatus of the invention , since a separate mechanism for the 
modulation of the phase position can then be omitted. 

r0002 1 61 The rotation of one of the optical elements about a support point P outside 
the beam path simultaneously effects a change of the optical path length and thus a 
modulation of the relative phase position in addition to the change in the angle and 
thus to the setting of the selected wavelength. 

[0002 1 71 In the various embodiments described herein, , the spectrally dispersive or 
diffractive element may be advantageously embodied as a multiplex grating, a 
multiplex hologram, a holographically optical element or a computer-generated 
hologram (CGH). 

r00021 81 When a two-dimensionally resolving detector is used, it can be particularly 
advantageous to use spectrally dispersive elements which do not only effect a simple 
deflection of the respective partial beam. 



["0002 1 91 The generation of complicated interference patterns appears advantageous 
in particular in connection with the correlation methods shown. Such complex 
patterns optionally show a more sharply defined correlation signal than simple strips 
patterns. 

[0002201 When a periodic diffraction grating is used, the positions of equal optical 
path length and thus the maximum amplitude or modulation for the different 
wavelengths lie (in contrast to a normal Fourier transform spectrum!) at different 
positions of the detector. This has a favorable effect on the required dynamic range of 
the detector element. 

Special diffraction gratings can be used - : as also in the other arrangements in accordance 
with the invention. In additional to spatially separate or spatially superimposed multiple 
gratings and, optionally, an arrangement having a plurality of detectors, holographic elements 
can also be considered here which can e.g. diffract whole groups of different spectral lines at 
the same angle. This variant can be used particularly favorably when a detector is used which 
uses a mask for the detection of patterns (optical correlation method). 
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An apparatus and a method for optical cpectroccopy and for optical oencory technology an d 

use of the apparatu s 



Claim s 



4, An apparatup for optical cpectroccopy, 

compr i c in g n r"""- fnr thp g w inrntinn nf an interference pattern and compricing means 
for the coupling of the incoming light field to be examined ouch that only one or 
G c v c ral individu al npa ti n l modes &£tke fi^'d am permitted and comprising a detector 
which can record the intensity of the generated interference pattern at a plurality of 
c p atially differ e nt ponitimr, "" fh ^ wavefreats anri/nr the propagation dir e ction of at 
lcact one of the b g b) ft""" involved ™ the intn-frrpn r p nattcrn being changed by 
cp c ctrally di=perd"c rr d+fetetive optical elnmnntr , in dep e ndence on the wavelength. 

2. An qpparatuc in aeeofdanee with e4aim 1 wherem the means for the gen e ration of the 
int e rf e rence pattern include a division of the amplitude of the incident light 



An qpparatuc in a e esgkaee with eithw nf claims 1 or 2. wherein the mcanc for th e 
g e neration of the interference pattern include a splitting of the wavefront of the 
incident light. 
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1 An app nr v h r ifl aeco fdaa ee wi th any nf the claims 1 to 3, wherein the moanc for the 
coupling of the inc o ming light to bo examined only permit procicoly one define d 
Gpatial mode (cpatial cingle mode) ; 

5. Ab apparatuc in aseefdaaee with ™r nr mnrr. nf claims 1 to 1 wherein the means for 
the coupling of the incoming light to be examined include a cpatial filter, 

6. An app a nh i r ; " aGGQfdaaee with one, nr more of claimo 1 to 5, ^herein the means f o r 
the coupling of the incoming light to be examined include a mono mode light guide 
(Ginglc mode fiber). 

7. An app an ti r m aeee fdaftee with one or more of claimc 1 to 6, wherein the detect o r 
can bo moved through the interforenco pattern with respect to one or two cpn fhl 
degrees of freedom (scanning detector). 

£. An apparatus ia asGOfdaaee with one or more of claims 1 to 7, wherein th e 
interference pattern can be imaged onto the detector via optical olcmcntc mov a bl e 
with respect to one or two cpatial degrees of freedom (scanning det ecto r) 

?. An appara t us aeeeKkmee with nno or more of claimc 1 to 8, wherein it b ar, n 
spatially one dimonoionally r e solving det e ctor (array detector). 

10. An qpp ii nnr ; " aes&fdanee with one or more of claimc 1 to 8, wherein it h a s a 
opatiaUy two dimonoionally resolving detector (array detect o r) 

11. An apparatus m aeeefdaaee with one nr more of the preceding claimc, characterize d 
by at least on - d iffrasti^e optical sternest which has non periodic diffraction 
otructure s . 
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12, An apparatus in accordance with one or more of the preceding claims, wherein the 

beam splitter(s) influence the wavefront of at least one of the partial beams or light 
fields in dependence on the wavelength (spectrally dispersive beam splitter). 

44, An apparatus in accordance with one or more of the preceding claims, wherein optical 

elements influence the wavefront and/or the optical path length of at least one of the 
partial beams or light fields in dependence on the wavelength (spectrally dispersive 
optical elements). 

44, An apparatus in accordance with one or more of the preceding claims, characterized 

by means which permit a change or modulation of the relati ve phasing (phase shifter / 
phase modulator) of at least one of the partial beams or light fields. 

44r An apparatus in accordance with one or more of the preceding claims, characterized 

by means which permit a change or modulation of the spatial position (translation 
and/or tilting) of at least one of the partial fields and/or of the incident light field. 

4-& An apparatus in accordance with one or more of the preceding claims, wherein the 

apparatus or parts of the apparatus forms/form an optical resonator. 

44. An apparatus in accordance with claim 16, wherein one or more wavelength - 
dependent elements are arranged at the interior of the resonator or at least one element 
of the resonator is made dependent on the wavelength (spectrally dispersive element). 

4-& An apparatus in accordance with one or more of the preceding claims, wherein the 

apparatus or parts of the apparatus is/are made in multiple form. 

4^ An apparatus in accordance with one or more of the preceding claims, wherein the 

difference of the optical path lengths of the beams or light fields brought to 
interference can be changed. 



2& An apparatus in accordance with one or more of the preceding claims, wherein the 

apparatus has means for the adjustment of the path length difference of the partial 
beams or light fields brought to interference, whereby a selection of light components 
contributing to the interference can be carried out in accordance with their coherence 
properties (coherence length). 

34^ An apparatus in accordance with one or more of the preceding claims, wherein the 

interferometer includes a retroreflector or a dieder, 

22- . An apparatus in. accordance with one or more of the preceding claims, wherein the 

apparatus has means for the rotation of the interferometer or means for the changing 
or for the selection of the angle of incidence which permit an adjustment of the spatial 
frequency or of the spatial frequencies of the generated interference pattern. 

23- . An apparatus in accordance with one or more of the preceding claims, wherein the 

apparatus has means for the change of position of components of the apparatus, in 
particular means for the rotation of the components which permit an adjustment of the 
spatial frequency or of the spatial frequencies of the generated interference pattern. 

24- . An apparatus in accordance with one or more of the preceding claims, wherein the 

change of the relative phasing of the interfering partial beams or light fields and the 
change of the spatial frequency or of the spatial frequencies of the generated 
interference pattern takes place jointly by a movement of at least one component of 
the apparatus. 

2$-. An apparatus in accordance with one or more of the preceding claims, wherein the 

spectrally dispersive or diffractive element is a multiplex grating, a multiplex 
hologram, a holographically optical element or a computer generated hologram. 
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2& An apparatus in accordance with one or more of the preceding claims, wherein the 

resulting interference pattern or parts of the interference pattern include a plurality of 
spatial frequencies and/or include a continuous spectrum of spatial frequencies. 

¥k An apparatus in accordance with one or more of the preceding claims, wherein a 

diffractive optical element is simultaneously used as a beam splitter and as a 
wavelength - dispersive element. 

3& An apparatus in accordance with claim 27 comprising a diffractive element used as a 

beam splitter, wherein the means for the generation of the interference pattern include 
precisely this or a similar clement for the recombination of the s plit beams or light 
field s . 

29-. An apparatus in accordance with either of claims 27 or 28, wherein the partial beams 

or light fields are generated by a diffraction grating at different orders of diffraction 
and, optionally, including the non diffracted or reflected partial beam or light field 
("Oth order"), are reflected back to the diffraction grating by suitable means and from 
there are again superimpo s ed by diffraction of different orders. 

^Ot An apparatus in accordance with either of claims 28 and 29, wherein two mirrors are 

provided by which the partial fields starting from the diffraction grating or from the 
diffractive optical element are reflected back to just this diffraction grating or 
diffractive optical element, with at least one of the mirrors being arranged moveable 
such that the relative phase position of the reflected light is changeable and with the 
coupled light first being split at the diffraction grating or at the diffractive optical 
element such that a reflected portion reaches one of the mirrors, whereas a diffracted 
portion reaches the other mirror, and with the portions of the fields reflected by from 
the mirrors to the diffraction grating or to the diffractive optical element being 
superimpo s ed again at the detector by the diffraction grating or the diffractive optical 
element such that a portion of the partial field previously reflected at the diffraction 
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grating or at the d if f r rrt"^ eptieal sternest richer, the det e ctor by diffraction, 
whoroac a portion of tho partial field previously diffracted at the diffraction grating or 
at the diffractivo optical element reachec the detector by reflection. 

31. An app a r a t us m ^™rrhn rr with one or more of the preceding claimc, wherein an 
imaging optical eystom and a ap e rture are provided in tho image plan e of the beam 

■prcrrrrr 

32. An apparatus m aeeewkmee with om nr more of the preceding claimc, wherein the 
detector has a spatial mack which con-elates with at least on e interference pattern to be 
dotoctcd (optical correlator), with the mack being able to be designed in fixed or 
changeable form (spatial light modulator). 

33. An apparatus in a ee efdanee "" fh ™ p " r more nf thn preceding claimc. wherein the 
capability of the d? t ? rt» r te detect a spatial mnHnlirinn in realized such that a detector 
which ic primarily non spatially recolving ic combin e d with a suitable spatial, 
optionally movable, mask. 

31. An. apparatus in aeeerdanee with nnp nr mnrc nf the preceding claimc, in combination 
with a spectrally sel e ctive filter and/or a spectrally selective detector. 

35. Us e of an apparatus m aeeefdaaee "<\th nno or more of the preceding claimc as an 
optical spectrometer 

36. Uce of an apparatus in aee efdaaee with one or more of the preceding claimc for 
optical spectroscopy, wherein components of the incident light arc measured 
selectively in accordance with their coherence lengths or coherence properties in 
accordance with the respectively set path length difference of the interf e ring partial 
beams. 



¥k Use of an apparatus in accordance with one or more of the preceding claims as 

chemometrical sensor. 



Use of an apparatus in accordance with one or more of the preceding claims as a film 

thicknes s measuring unit or as a spacing sensor. 

39-. A method of determining the optical spectrum and/or of measured values coded or 

transmitted by an optical spectrum by analysis of the interference pattern measured 
using an apparatus in accordance with any of claims 1 to 34 or using an apparatus in 
accordance with any of claims 35 to 38. 

4& A method in accordance with claim 39, wherein it includes a Fourier transformation 

of the interference pattern or the representation of the interference pattern as a linear 
combination of sinus and/or cosinus functions (e.g. Hartley transformation). 

4-1- A method in accordance with either of claims 39 or 40, wherein the determination of 

the spectrum includes the breaking down of the measured interference pattern(s) in a 
set of base patterns dependent on the apparatus, in particular the determination of a 
spectral component by correlation of the interference pattern(s) with a base pattern 
prepared for the respective apparatus and the spectral component to be determined. 

42-. A method in accordance with claim 41, wherein the determination of the spectrally 

encoded measured value(s) includes the breaking down of the measured interference 
pattern(s) in a set of apparatus dependent base patterns, in particular the determination 
of the spectrally encoded measuring value(s) by correlation of the interference 
pattem(s) with a base pattern prepared for the respective apparatus and the measured 
value(s). 
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4^ A method in accordance with either of claims 41 or 42, wherein the base patterns 

required for the determination of the spectral components or spectrally encoded 
mea s ured values are gained by a mea s urement. 

44, A method in accordance with one or more of claims 4\ to 43, wherein the 

determination of the spectrum or of the spectrally encoded measured value(s) includes 
the recording of different interference patterns at different relative phase positions 
and/or starting from different spatial modes, in particular utilizing at least one of the 
means named in claims \4, 15, 19, 20, 22, 23 or 24 for the variation of the generated 
interference patterns. 

4$-. A method in accordance with one or more of claims 4\ to 44, wherein the 

determination of the base patterns includes the recording of different interference 
patterns at different relative phase positions and/or starting from different spatial 
modes, in particular utilizing at least one of the means named in claims 14, 15, 19, 20, 
22, 23 or 24 for the variation of the generated interference patterns. 

4& A method in accordance with one or more of claims 4\ to 15 such that respective 

numerical transformations or functions of one or more interference patterns are used 
instead of a measured interference pattern or base pattern. 

47, A method of preparing patterns in accordance with the method in accordance with 

claim 46 such that the method includes the determination or measurement of the 
difference of the optical path lengths of the partial fields brought to interference for 
the individual measurement points of the patterns and a sorting or indexing of the 
individual measured values in dependence on the difference of the optical path lengths 
of the partial fields brought to interference respectively determined for the 
measurement point. 



A method for the preparation of base patterns in accordance with, the method in 
accordance with claim 46 such that a Fourier or Hartley transformation is carried out 
in the sequence of a transformation in accordance with claim M (orthogonalization 
method for base patterns). 
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An apparatus and a method for optical spectroscopy and for optical sensory technology and 

use of the apparatus 

Abstract 

The present invention relates to an apparatus and a method for optical spectroscopy and for 
optical sensory technology and to the use of the apparatus. 

An apparatus having high spectral resolution with simultaneously comparatively low 
demands on the quality of the optical components is provided in that the apparatu s for optical 
spectroscopy comprises means for the generation of an interference pattern, means for the 
coupling of the incoming light field to be examined such that only one or several individual 
spatial modes of the field are permitted, and a detector which can record the intensity of the 
generated interference pattern at a plurality of spatially different positions, with the 
vvavefronts and/or the propagation direction of at least one of the light fields involved in the 
interference pattern being changed by spectrally dispersive or diffractive optical elements in 
dependence on the wavelength. 
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The present invention furthermore relates to a method of determining the optical spectrum 
and/or of other measurands encoded or transmitted by an optical spectrum by analysis of the 
interference pattern measured using an apparatus in accordance with the invention or using 
an apparatus in accordance with the invention. 



[0002211 invention - for special applications. For instance in chemometrics, the 
detection of a substance by the determination of spectral "fingerprints" within specific 
ranges of an absorption spectrum, or the simultaneous determination of specific 
spectral lines, is feasible 

[0002221 Beside using spatially separate or spatially superimposed multiple gratings 
and, optionally, an arrangement having a plurality of detectors, holographic elements 
can also be considered here which can e.g. diffract whole .groups of different spectral 
lines at the same angle. This variant can be used particularly favorably when a 
detector is used which uses a mask for the detection of patterns (optical correlation 



method). 



